This paper argues for introducing the role of capital malleability into the analysis of environmental policies. The issue is explored by means of a theoretical model, a numerical analysis and a computable general equilibrium (CGE) model. Considering the three approaches together is fundamental in obtaining theory-compatible policy-relevant results. The model outcomes reveal differences between results under separate assumptions regarding the malleability of capital. When capital is imperfectly malleable a carbon policy is less effective than under the assumption of perfect malleability of capital. Therefore, it is important that, especially for the analysis of short-term environmental regulations, the issue of capital malleability is taken into consideration.
Introduction
Policies to limit emissions of greenhouse gases (GHG) have been the subject of extensive numerical analysis. The workhorse of such investigations has been computable general equilibrium (CGE) models, whose usefulness lies in their ability to combine economic accounts for a range of industries across different geographic regions within the ArrowDebreu equilibrium framework of interacting markets. The result is a complete and theoretically consistent simulation which captures the full spectrum of economic feedback effects in response to an emission limit.
These advantageous characteristics have been particularly important for the study of the international policies such as the Kyoto Protocol. However, the majority of wellknown CGE simulations (e.g., DART (Klepper, Peterson and Springer [21] ), GEM-E3 (Capros et al. [6] ), and the widely used GTAP-E (Burniaux and Truong [5] )) have been constructed to examine long-run GHG emission-reduction scenarios, and a key assumption of their design is that physical capital is able to move among the economic sectors being modeled as its relative marginal productivities change. A decade ago Jacoby and Sue Wing [18] highlighted the adverse impact that imperfect "malleability" of capital can have on the short-run macroeconomic costs of U.S. compliance with its erstwhile Kyoto emission target. A more recent investigation by Sue Wing [32] in the context of the "technology substitution" commonly seen in bottom-up engineering simulations confirmed the crucial role played by imperfect malleability of capital among sectors and activities in determining the costs of carbon taxes. These studies raise two key questions:
• How malleable is capital likely to be over the time-frame that emission limits such as Kyoto are anticipated to bind? And,
• To what extent do various characteristics of abating economies influence the magnitude of the short-run cost premium to which capital rigidities gives rise? This paper is a preliminary attempt to answer the second question, and to assess the im-plications of our findings for the distribution of the costs of compliance with the European Union Emission Trading Scheme (EU-ETS).
Our approach draws on the theoretical literature arguing that capital, once invested in a sector, cannot be redeployed in other sectors of the economy and easily adjust to changes in relative prices. This view is supported by the works of Johansen [19] , Bliss [2] and Gapinksi [14] who point out the difference between putty-putty capital, that is capital that can readjust between sectors, and putty-clay capital, that cannot readjust. The former is perfectly malleable capital, whereas the latter is imperfectly malleable.
We construct an analytical general equilibrium model of a simple two-sector economy following Harberger [15] . In the model, one sector only uses capital input (the "clean" sector), whereas the other sector uses capital as well as a polluting input (the "dirty" sector).
We then adapt this simple "clean-dirt" sector model to the case of imperfect malleability of capital, which we use to compare the effects of a tax levied on the polluting input in the dirty industry. To gain insight into the likely magnitudes of these effects, we then use economic data from the EU member states to numerically parameterize the model, treating fossil fuels as the dirty input. Finally, we compare these results to the output of a CGE simulation of the EU-ETS.
Our results indicate that environmental taxation is more effective at reducing pollution when capital is perfectly malleable and can costlessly switch from the dirty to the clean sector. While the analytical model presents a general solution to this problem, which is based on parameter values, a numerical analysis using EU data yields determinate conclusions regarding the effects of a carbon tax on the main economic variables.
We find that the imposition of a carbon tax is more effective in the reduction of pollution under conditions of perfect malleability of capital. Finally, the CGE model is used to perform a policy-relevant study and to identify secondary effects that cannot be seen in any of the previous analyses. Although the ETS target is met in both simulations related with the two scenarios of capital malleability, it is found that there is a much stronger carbon leakage effect under imperfect malleability of capital. This paper shows how the three levels of analysis can contribute to understand the influence of capital malleability on the effectiveness of carbon regulations. Thus, in evaluating short-run climate policies it is crucial to take into consideration the degree of malleability of capital.
The paper is organized as follows. Section 2 presents the theoretical models and their predictions. Section 3 shows the numerical application of the theoretical models. Section 4 illustrates the applied CGE model and its application to the EU-ETS. Section 5 concludes.
A Simple Theoretical Model
Our investigation of capital malleability begins with a simple two-sector tax incidence model in which capital is the only factor of production. In our test-bed economy, household are modeled as representative agent who derives utility (U) from consumption of a clean good (X C ) and a dirty good (X D ), which is offset by the disutility of exposure to pollution (Z). The sector which produces the clean good uses capital (K C ) exclusively, while the output of the dirty sector is produced using inputs of capital (K D ) and pollution (Z).
The prices of the clean and dirty goods are given by P C and P D . The agent is endowed with a fixed stock of capital (K), which she rents out to the sectors in exchange for factor income. We examine the effects of a shock in the form of an exogenous pollution tax (τ Z ), and compare the economy's response when capital is intersectorally mobile and when it is fixed. 1 
Households
The representative agent's utility is increasing in consumption and decreasing in pollution, and can be written U = U(X C , X D , Z), with U X C , U X D > 0 and U Z < 0. The impact of the tax on households' welfare operates through two channels: the market effects of 1 A more sophisticated model with two factors of production is developed in Appendix A. Its conclusions are similar to the ones we derive below. changes in goods consumption and the non-market effect of mitigating the disutility of pollution. To simplify the analysis we adopt Bovenberg and de Mooij's [3] assumption that consumption and pollution are separable. We assume that pollution negatively affects utility through an environmental damage function E (Z), where E Z < 0. This allows us to totally differentiate U to get
The term in square braces as the market-mediated change in welfare due to the pollution tax, while the last term is the non-market impact.
The components of welfare change may be elaborated by examining the agent's optimal consumption decision. Letting M denote aggregate income, the agent's utility maxi-
The first order conditions equate the marginal utility of consumption of the two goods to the Lagrange multiplier (µ), whose natural interpretation is the marginal utility of income:
Using this relation to substitute for the marginal utilities on the right-hand side of dU
We simplify this by letting U Z E Z /µ = −δ denote the marginal disutility of environmental damage, dividing both sides by the level of income, and multiplying and dividing each differential on the right-hand side by its corresponding quantity level:
The left-hand side of this expression is the dollar value of the change in utility divided by initial income. This is a dimensionless index of the total welfare effect of the tax, which we denoteŴ. On the right-hand side, φ is the initial budget share of the dirty good, ζ = Z/M is the initial pollution intensity of GDP, and we follow Fullerton and Metcalf [13] in using a "hat" (∧) over a variable to indicate its logarithmic differential. 2 Eq.
(1) provides insights into the welfare but has no bearing on the solution to the model. The latter requires us to make assumptions about households' preferences. We model the representative agent as having constant elasticity of substitution (CES) utility function in which the two goods substitute for one another with an elasticity of substitution, σ U . Then, the definition of the elasticity implies the following relationship between the prices and quantities of commodities in log-differential form:
Producers
Turning to the supply side of the economy, we assume that each good is produced according to a homogeneous-of-degree-one technology, which we express using the production
The assumptions of free entry and competitive markets for inputs and output then imply that each sector's revenue just equals its expenditures on inputs. We express this using the zero-profit conditions P C X C = r C K C
and
in which r C and r D are the rental rates of capital in each sector.
2 e.g.,ẑ = d log z = dz/z.
Log-differentiation of the production functions and zero-profit conditions yields:
where
is the share of pollution in the cost of dirty production.
As well, we assume that the dirty sector employs CES production technology, treating capital and pollution as substitutes with an elasticity of substitution σ D . The definition of the elasticity yields the log-differential relationship:
Our model is closed through the specification of the factor market, which differs according to whether or not capital is malleable, in the sense of being intersectorally mobile, or sector-specific. In the malleable case the factor market clears (K = K C + K D ) and the law of one price holds (r C = r D = r), while in the non-malleable case, sectors' endowments of capital are fixed. Letting λ = K D /K ∈ (0, 1) denote the share of malleable capital in the dirty sector, we may take the log-differential of the market clearance condition in each case to obtain
The welfare index (1) must be appropriately normalized to accommodate the different capital market closures. Under malleable and sector-specific capital, aggregate factor income is rK and r C K C + r D K D , respectively. In each case, setting the initial values of the rental rates to unity (r = r C = r D = 1) allows us to equate GDP with the capital endowment (M = K) and treat ζ as the initial pollution-capital ratio.
In the malleable case, our model consists of eqs. (2)- (7) and (8a), along with the condition r C = r D = r, which yields a system of seven equations in eight unknowns (P C ,P D ,
In the sector-specific case, our model consists of eqs. (2)- (7) and (8b), which is a system of eight equations in nine unknowns (
. To solve the model we first designate X C as the numeraire by settingP C = 0, and then find a solution to the system as a function of an increase in the pollution taxτ Z .
In each case, eq. (1) is employed ex-post to evaluate the welfare effects of a small change in the tax.
Results
The solutions to both models are straightforward to obtain, and are summarized in Table   1 . 3 The increase in the emission tax has an unambiguous effect on a few variables in the economy. Irrespective of capital malleability, the tax reduces pollution, raises the dirty good's price and reduces its production and consumption. For the remaining variables in the model, the effect of the tax depend on both the degree of capital malleability and the values of the parameters-in particular the difference between the elasticities of substitution for the consumer and for the dirty producer. When σ U > σ D the results are consistent with simple intuition, but it is less so when the opposite is true.
The clean good's production is unaffected when capital is sector-specific, and changes 3 We deal first with the malleable case. After price normalization, eqs. (3) and (5) imply thatr = 0. Combining (4) and (6) yieldsP D = θτ Z , which we plug into (2) to obtainX D =K C − σ U θτ Z . Substituting this result back into (4) yieldsK C − θẐ − (1 − θ)K D = σ U θτ Z , which we simplify by exploiting the fact that (8a) implies thatK C = λ/(λ − 1)K D . This leaves us with two equations, (1 − θ + λθ)/(1 − λ)K D + θẐ = −σ U θτ Z and eq. (7), in two unknowns,K D andẐ, the solution to which allows us to recover expressions for the remaining variables.
Turning to the non-malleable case, (8b), (3) and (5) together imply thatK C =K D =X C =r C = 0, which collapses the system to simplified versions of eqs. (2), (4), (6) and (7) . We use (7) to eliminateẐ in (4) and (6) . The former becomesX D = σ D θ(r D −τ Z ), which we then plug into (2) and (6), leaving us with two equations, The welfare effects of the tax turn out to be more transparent in the case where sectors have fixed capital stocks. Then, welfare improves so long as the dollar-denominated marginal environmental damage (δζ) exceeds the marginal benefit of pollution to households, which is indicated by the product of pollution's initial cost share in dirty production and the dirty good's initial share of household expenditure (θφ). When capital is malleable the outcome is more complicated, with welfare increasing if marginal damage exceeds a threshold given by δζ
The intuition behind the equivocal results is as follows. A low value of σ U implies that households' commodity demands are relatively inelastic, with consumption of the dirty good declining only slowly as its price increases, while a high value of σ D means that the level of production in the dirty sector can be easily maintained by substituting capital for pollution as the tax increases the latter's price. If capital is sector-specific, then the dirty sector's scope for input substitution is constrained by its perfectly inelastic capital supply, with the result that the fall in the quantity of pollution bids up the marginal product of capital. But if capital is intersectorally mobile, ease of input substitution in the dirty sector will increase the demand for capital, and will end up drawing capital away from the clean sector.
In the reverse situation with a high value of σ U and a low value of σ D , household demands for commodities are relatively elastic and the dirty sector's input demands are relatively inelastic. The tax-induced increase in the cost of pollution, combined with capi-tal's limited substitutability, increases the dirty good's cost while leaving the unit demand for capital relatively unaffected. The price-sensitivity of the households' demand for the output of the dirty sector then causes the latter to decline, along with the demand for capital. This process releases capital to the clean sector, enabling its output to expand to substitute for the fall in households' dirty consumption.
Given these dynamics, a natural question is whether the impacts of the tax are largeror, indeed, of the same sign-if capital is malleable rather than intersectorally immobile.
The change in price of the dirty good is higher where capital is perfectly malleable. Furthermore, malleability results in larger declines in dirty production and pollution good if:
respectively. This solution is hard to interpret analytically, but it is possible to study it graphically by considering different combination of parameter values. In 
malleability results in larger (smaller) declines in dirty production if θ and λ are low (high). Thus, if in the economy it is easier to substitute production from the dirty good towards the clean good (σ U > σ D ), production in the dirty sector declines more under perfect capital malleability unless the dirty sector is at the same time highly polluting and capital intensive. Given that the dirty sector is generally small, it is likely that the production if the dirty good decreases more when capital is perfectly malleable.
The effect on the pollution good is greater under perfect capital malleability mainly for high values of σ U . For low values it is always greater under imperfect capital malleability. For intermediate values of the elasticities, the decline in pollution is greater under perfect capital malleability if θ and λ are low. Again, the intuition is that production is reallocated to the clean sector if capital is mobile and at the same time the economy is elastic. Whereas, adjustment is made within the dirty sector if capital is not mobile and the elasticity of substitution between production factors in the dirty sector is high.
Finally, the impact on welfare is larger under perfect capital malleability if the following condition is satisfied:
This is complicated condition can be simplified considering that the environmental damage (δζ) is very small 5 and that it is likely offset by the environmental benefits gained from the reduction in pollution. By imposing δφ = 0, we obtain a simpler condition:
showing that welfare effects are higher under perfect capital malleability if σ U ≷ σ D and λ ≷ φ. This is the same condition under which the welfare impacts are positive under perfect malleability of capital.
In this simple model the results are highly dependent on the values of the elasticities of substitution and the shares describing the size and characteristics of the dirty sector.
Where the economy is more flexible in the reallocation between the two sectors and where capital is malleable, a carbon tax results in the reduction of input investments in the production of the pollution goods, and thus in lower production of the good itself. This is with the exception of the instance in which the dirty sector is very large and very capital intensive, so that there is large scope for substitution between inputs in the dirty sector.
Where the economy is less elastic but the production of the dirty good is elastic, then the effects on the economic variables are stronger under imperfect malleability of capital, which favors reallocation of inputs in the dirty sector.
Numerical analysis
The simple model illustrated achieves only parameter-dependent results. We now perform a numerical analysis in order to obtain conclusions on whether a carbon tax has a positive or negative impact on the key variables of the model, and on the difference in magnitude of these effects under the two assumptions on capital malleability 6 . This will be done using reliable parameter values 7 .
The share parameters (θ, λ and φ) are calculated from the GTAP6 database 8 and are illustrated in Table 2 . The dirty industry is represented by sectors covered by the EU ETS, namely refined coal and petroleum, pulp and paper, electric power, non-metallic mineral products and, iron and steel. All other sectors are considered to be part of the clean sector. Although no sector is fully clean, these sectors have a very small amount of dirty input Z, which can be disregarded and summed to the other inputs. The dirty inputs that correspond to the pollution good Z in the model, are fossil-fuel inputs (i.e. coal, gas and oil).
Results for the production and input variables depend on the values of the share parameter θ and λ, which are illustrated graphically in Figure 2 . The share of polluting input in the production of the dirty good θ ranges from .03 to .46, while the share of cap-ital invested in the dirty sector λ ranges from .06 to .24. Thus, the dirty sector usually represents a small share of the economy, and most capital is invested in the clean sector.
Fullerton and Heutel [12] also perform a numerical analysis and calibrate their parameters according to stylized facts and data on the US economy. In fact, they assume that labor and capital invested in the clean industry is 0.8, and that the expenditure in pollution in the dirty industry is .25. These are similar to our results, as the share of capital invested in the clean industry in the NAFTA region is .82, and the expenditure in pollution in the dirty industry is .07 9 . Figure 2 shows that for most countries/regions, the parameter θ has higher values than λ. The only countries for which this is not true are For what regards the elasticities of substitution, following Fullerton and Metcalf [13] , the substitution elasticity in consumption between the clean and dirty good is assumed to be 1 (σ U = 1) and the elasticity of substitution between inputs in the dirty industry is assumed to be .5 (σ D = .5). In the calculations the value of the tax increase is 10%, as in Fullerton and Heutel [12] . This is an arbitrary value that still allows us to study the different conclusions that the two models reach. Finally, estimates of marginal environmental benefits from CO 2 reduction by Newell and Pizer [25] are of around 9.2*10 −13 $/ton CO 2 .
This means that the value of δφ is very close to zero. Table 2 illustrates results for the numerical analysis of the two models. Results reflect the predictions of the theoretical model for the case in which σ U > σ D . In the case of perfect malleability of capital, as expected, production of the clean good increases, while that of the dirty good decreases. Pollution Z also decreases as a consequence of the carbon tax. Results on the reduction in pollution are similar to those obtained by Fullerton and Heutel [12] . They find that a 10% increase in the tax yields to approximately a 6% 9 The fact that expenditure in pollution is lower can be explained by the difference in assumptions about the dirty inputs. increase in pollution, which is in the range of the calculations for pollution changes illustrated in Table 2 . Countries with higher pollution intensity (higher θ), such as Russia and the rest of Former Soviet Union, the Netherlands and Belgium, achieve a bigger amount of pollution reduction. Countries with a large dirty sector instead (large λ), such as Ireland, tend to achieve a lower amount of emissions reductions. In the case of imperfect malleability of capital, results are also as expected, with no changes in the clean industry and a decrease in the production of the dirty good and in the use of the polluting input.
For what regards welfare, results depend also on the value of the parameter φ, namely the share of household expenditure in the dirty good. Where expenditure in the dirty good is very small welfare changes can be positive under perfect malleability of capital.
Without capital mobility instead, the change in welfare is always negative.
Comparing results under the two assumptions it is possible to see that the carbon tax has a higher effect in the case of perfect capital malleability. In fact, in this case there is a more effective re-adjustment of production patterns and a higher reduction of pollution.
Welfare increases in some cases under perfect capital malleability. With the exception of Denmark and Switzerland, welfare decreases more under imperfect malleability of capital. For most countries/regions, the same carbon tax is more effective in terms of emissions reductions, welfare and benefits from the improved environmental quality under perfect malleability of capital.
It is interesting to check the impact that the structure of the economy has on the results. This can be done by analyzing the relationship between the parameter values (λ and θ) and the difference in the variable changes between the case of perfect and imperfect malleability of capital, as illustrated in Figure 3 . Only a few countries with differing parameter values are presented in the graph. Ireland is the only country with a a high capital share invested in the dirty good and a very low pollution intensity of the dirty sector. It is in fact the country in which the difference in pollution reduction between the two capital malleability scenarios is smaller. At the same time the difference in the decreases in the production and price of the dirty good is higher. Another interesting case is that of the Netherlands, where the dirty sector has a high level of pollution intensity and a low investment of capital. In this country the difference in pollution reduction is the highest while the difference in production and price is the between the lowest. This is because the high pollution intensity favors reallocation of capital to the clean sector, and this is not possible when capital is immobile. In general the higher the pollution intensity the higher the difference in the results between the two capital malleability scenarios.
Also, the higher share of capital invested in the dirty sector, the lower the difference in the results. This is because in this case reallocation of inputs in the dirty sector is favored, and thus the immobility of capital has a lower effect on the results.
The results from the numerical analysis allow us to reach conclusions on a realistic outcome of the model presented in Section 2. Nonetheless, these results are limited for a number of reasons. First, it does not take into account adjustments taking place via international trade. . Secondly, the dirty sector is in large part corresponding to inputs that are usually used to produce the clean good. Thus, a more complicated production structure would lead to a more realistic picture. Finally, the same carbon tax has been applied to all countries and world regions considered, even though a harmonized carbon tax is very hard to implement from the political point of view. A policy-relevant study would also include the possibility to study the effects of the imposition of asymmetric environmental regulations would have on the countries subject to the regulation as well as those that are not. It is not possible to capture these effect in a simplified model and in the numerical analysis of it. CGE models instead offer the possibility to take into account these issues, as they allow us to calculate the equilibrium of a multi-region and multisector model. The next section will explain the use of CGE models and give an example of a policy study.
CGE Application

Model Structure
The advantage of CGE models is that they make it possible to apply real data to multicountry and multi-sector general equilibrium models, so that it is possible to study the effects of policies, such as a carbon tax or carbon trading. In this section, a study of the EU ETS will be used to verify whether the assumption of perfect capital malleability influences policy conclusions. The model employed for the policy simulations is a static multiregion CGE based on Harrison, Rutherford and Tarr [16] , outlined in Rutherford [29] .
This model is a coherent and extended version of the model presented in Section 2. Thus, all policy results will be relevant for comparison to the theoretical model. Agents minimize expenditure and, as in the previous sections, are assumed to have a Cobb-Douglas utility function and a constant marginal propensity to save out of their income. The government is explicitly represented, though it has a passive role. It is modeled as a cost-minimizing firm using commodities to produce an aggregate government good. Industries are modeled as cost-minimizing representative firms whose technology is given as a nested CES production function. The production function parametrization 10 See Tables 8 and 9 for for description of the regional and sectoral disaggregation respectively differs across sectors, but it has the common structure illustrated in the diagram in Figure   4 . The inverted tree represents the sub-production function. At the top level, output Y j,r is produced from materials, every value-added and a fixed resource factor according to a CES production function with an elasticity of substitution σ Y j = .5. Note that this is equivalent, though more complicated, to the elasticity of substitution σ D used in the previous sections. In fact, σ Y j is the elasticity of substitution in production between clean inputs, such as value-added and some of the materials which derive from clean industries, and dirty inputs such as other materials deriving from dirty industries. This structure implies The present model is particularly constructed for the analysis of carbon policies. In fact, the present hierarchical production function reflects the difficulty of substituting material inputs for energy and, to a lesser extent, low-carbon energy inputs such as natural gas for carbon-intensive fuels such as coal in the short-run. While data are not available on the technologies employed by covered sector installations and combustion units in the non-covered industries, it seems doubtful that a large fraction of these sources processes fuel-switching capability. On the other hand, there is ample evidence of fuel-switching capability (see Soderholm [30] ). The parameter σ E j was thus set at a low value in all industries except the electricity sector.
A novel feature of this model is its ability to account for CO 2 emissions produced by the fossil fuel combustion installations which are regulated by the EU-ETS but are located in industries outside the program's covered sectors. In fact, for the policy simulations actual emissions of CO 2 will be linked to the use of energy. As shown in Figure   4 , emissions associated with the intermediate use of each fossil fuel must be covered by allowances A, but this occurs only in the "covered" and "combustion" sectors (see sectoral aggregation in Table ? ? in Annex II. Denoting the set of covered industries by Z, for each industry z ∈ Z, the use of domestic and imported inputs of energy goods e are given by A D e,z,r = ε e,z,r ω z,r X D e,z,r and A M e,z,r = ε e,z,r ω z,r X M e,z,r respectively, where ε e,z,r is e's region-and sector-specific emission factor and ω z,r is the fraction of that industry's emissions covered by policy. In the fully covered sectors ω z,r = 1, while in the combustion sectors, combustion installations account for less than the total quantity of emissions, so that 0 < ω z,r < 1 11 . Each of these sectors' total emissions are thus given by the sum of domestic and imported emissions, A D e,z,r + A M e,z,r . The imposition of a cap to allowances across participating regions s ∈ S ⊆ R and the set of covered and combustion sectors Z is given by the constraint:
whereĀ s is the maximum amount of allowances assigned to region s. The dual to the expression above is the market clearing price of allowances.
Model Formulation and Calibration
The CGE model formulates the general equilibrium problem of equalizing demand and supply simultaneously across all markets as a mixed complementarity problem, or MCP (see Mathiesen [24] , Rutherford [27] ). Cost minimization by the industries and expenditure minimization by the representative agent in each region give rise to vectors of demands for commodities and factors. Demands are functions of domestic factor prices, domestic and international commodity prices, industries' activity levels, and the income levels of the regional representative agents. These demands are combined with the general equilibrium conditions of market clearance, zero-profit and income balance. This yields to a square system of non-linear inequalities that forms the aggregate excess demand correspondence of the world economy (cf. Sue Wing [31] ). This system is numerically calibrated and expressed as an MPC using the MPSGE subsystem (Rutherford [28] )
for GAMS (Brooke et al. [4] ), and solve using the PATH solver (Dirkse and Ferris [11] ).
The benchmark dataset, as in Section 4, is the GTAP6 database (Dimaranan and McDougall [9] ). This database is a snapshot at the world economy in 2001. Data from bilateral trade, transport and protection data are combined with individual country social accounting matrices and energy balances in order to constitute an approximation of the world economy as if it were in a full economic equilibrium. The original dataset contains 87 world regions and countries, and 57 sectors, but it has been aggregated to the 25 regions and 14 sectors described in Annex II. Elasticity of substitution between energy inputs is assumed to be . Some assumptions were required to estimate the sector coverage. For each combustion sector, it has been necessary to estimate the share of total CO 2 emissions that were attributable to large combustion installations. The only data available in the regard were the 2001 IEA energy statistics on countries' emissions from "unallocated producers" (that is generators of electricity or heat for own consumption, as opposed to for sale) whose use of fossil fuels had not been apportioned between industrial and "other" sectors. Accordingly, unallocated producers have been treated as representing emissions of combustion installations in all of the combustion sectors in each country. The average proportion has been calculated for each country and used to assign the amount of emissions from unallocated producers. Although using the average value is not very realistic, the limitations of the data make it impossible to capture sectoral heterogeneity.
The final component of the calibration procedure is aimed at accounting for the high international crude oil and natural gas prices, which are expected to be a key factor in the abatement of emissions and in the trading of allowances. Preliminary runs of the models showed the prices of oil and gas in the European countries falling in real terms over 
Policy Scenarios and Results
The chosen policy for simulation is the European Union (EU) Emissions Trading Scheme (ETS), as this is the most relevant carbon policy in Europe, and thus it has a high policyrelevance. The EU ETS has been designed to be divided into two phases. Table 4 ). Results for the ETS scenario will be calculated under both assumptions on capital malleability, in order to be able to compare the results. Results on emissions of CO 2 from the simulations are illustrated in Table 3 .
From Table 3 it is possible to compare emissions from covered (Cov) 13 , and noncovered (NCov) sectors in the three scenarios considered, namely baseline, ETS with per- clear that emissions are higher than in the baseline case. This is because production shifts to places where there are no restrictions on pollution and input costs are lower. The presence of carbon leakage is stronger under the assumption of imperfect capital malleability.
In covered sectors, emissions increase strongly in non-EU countries under imperfect malleability of capital. This is because, as there is no possibility of domestic adjustment, countries under the EU ETS will import from abroad. A large amount of carbon leakage may yield to an overall increase in world emissions, which would defeat the purpose of the imposition of climate policies. Furthermore, it may cause a strong decrease in the environmental quality of non-EU countries, which is of particular concern in the case of developing countries. In this countries the risk is to over-exploit the natural resources and thus to a development which is not sustainable over time. Emissions in non-covered sectors instead increase more under perfect malleability of capital. This is coherent with the theoretical results and it reflects the fact that there is more possibility of intra-sectoral adjustment under perfect malleability of capital.
It is also interesting to check on results within the emission trading area, as illustrated in Table 4 . Under perfect capital malleability the price of emissions trading is lower (e23.23) than the price under imperfect capital malleability (e24.45). This means that costs of reducing the emissions of the amount determined by the ETS cap are higher in the case of imperfect malleability of capital. This is coherent with the theoretical results 14 .
Although the price under perfect malleability of capital is higher, it is worth pointing out 14 Whereas in the theoretical model and numerical analysis we have compared the resulting emissions reduction given the same carbon price, here we are comparing carbon prices as resulting from the same emissions reductions. The conclusions reached are the same though, as in a general equilibrium setting price and quantity regulations are equivalent. that the difference is not very high. Therefore, given the many sources of uncertainty in the price of emission allowances, it appears that capital malleability only influences the carbon price to a relatively small extent. On the other hand, as the issue of capital malleability is known, contrarily to other factors, it should be taken into account in the evaluation of climate policies. The pattern of buyers and sellers is similar in the two cases. The main sellers of permits are countries belonging to the "REU" region, France and Germany. The main buyer instead is the Netherlands, followed by the UK, Finland and Belgium.
This simple exercise with the applied model, has shown how CGE models can contribute to complement economic theory by quantifying the different results that the assumptions on capital may give. CGE can identify secondary-effects, such as carbon leakage, which could have not been calculated with a simple numerical analysis. This section showed how emissions trading is more efficient with perfect capital malleability, not only because more emissions are cut, but also because it leads to a more fair outcome, with a lower amount of carbon leakage.
Conclusions
This paper has presented a theoretical work on capital malleability in the context of a simple clean-dirty industry model in Harberger style [15] , which is used to analyze the effect of climate policies. Results show that a carbon tax is more efficient in reducing emissions under the assumption of perfect capital malleability, although results depend on parameter values. In order to get more determinate results, a numerical analysis has been performed using reliable parameter values. This confirms the expected results that the carbon tax is more efficient under perfect capital malleability. Even though this type of analysis is useful, it does not supply policy-relevant results as the value of the tax is imposed arbitrarily and there are no intra-country adjustments or layered production structure. Thus, a policy simulation has been performed using a Computable General Equilibrium model (CGE), based on the EU Emissions Trading System of carbon permits.
This analysis also confirms that the environmental policy is more efficient under the assumption of perfect capital malleability.
The contribution of this paper is twofold. First of all, it offers a thorough analysis of the issue of capital malleability and brings to attention the need to consider the differences in results from carbon policy studies in the case of imperfect capital malleability. In fact, this could be particularly relevant in considering policies that are applied in too short a time span for capital to fully adjust between sectors. Secondly, this paper shows how CGE models can contribute to improving and completing a theoretical analysis in adding the possibility to conduct policy-relevant studies and take into consideration many of the several effects that affect the results of climate policies, such as international trade.
Annex I
This section will present a more complete version of the model in which the production factors for both industries are capital K, a general production factor L that includes labor, natural resources and land, and pollution Z in the dirty industry. In the case of perfect capital malleability, the resource constraints, already formulated in Jones' algebra, can be stated asK
Where λ j i is the share of factor j ∈ K, L, Z invested in industry i ∈ C, D. It is again assumed that production factors are imperfect substitutes and can be substituted with elasticity of transformation σ C and σ D respectively in the clean and dirty sector. From the definition of elasticity we then have:
From the assumptions of perfect competition and free entry we have:
Where θ i j is the expenditure in sector j in industry i. From the firms cost minimization, we have that change in production of the two goods will depend from the changes in the production inputs, weighted by the shares of expenditure in the production factors:
Finally, as before utility depends on the consumption of the two goods, with an elasticity of substitution of σ U :X
SettingP C = 0 and good X C as the numeraire, it is possible to find the following solution to the system.
Where:
For standard parameter values expression D is positive. The sign of coefficients are then only dependent on ∆ σ and ∆ Λ . Different conclusions can be reached from the model according to the parameter values. However, it is possible to notice that the price of the dirty good always increases, and that production of the dirty good and pollution always decrease. To check the results on the other variables it is necessary to consider the different cases of parameter values.
In this case both ∆ σ and ∆ Λ are positive, so that the quantity of both clean production factors invested will decrease in the dirty industry and increase in the clean industry. Production also increases in the clean industry. Finally, the prices of the production factors change consequently to the factor intensity. As ∆ Λ , which implies that the dirty sector is more capital intensive, the price of labor will increase and the price of capital will decrease. This is because if the dirty good is more capital intensive, when price of the good increases and the the production decreases due to an environmental tax, it will demand relatively less of the production inputs K D and L D , as well as less dirty input Z. As pro-duction is capital intensive, the fall in the demand for capital is greater than the fall in demand for the other clean factor L. Therefore, r falls relatively to w.
In this case ∆ σ is positive and ∆ Λ is negative. The results are very similar to the first case. In fact, the only differences concern the changes in prices of the production factors.
These are exactly the opposite, as production is now less capital intensive, so that the price of K will increase, while the price of L will decrease.
In this case ∆ σ is negative and ∆ Λ is positive. In general, the elasticity of substitution between goods in consumption is always greater than the elasticity of substitution between inputs of production in the dirty industry, thus the conclusions from cases 3 and 4 are less realistic. In this case the conclusions are opposite to case 1. The quantity of both clean production factors invested will increase in the dirty industry and decrease in the clean industry. Production decreases in the clean industry, the price of K increases and the price of L decreases. This model is easily modified to the case in which capital is imperfectly malleable. In this case, we haveK C =K D = 0 and two different prices for the two types of capital,r C andr D . This affects the following equations which become:
The new system of equations gives the following results:
As before results depend on parameter values, but this time only on whether σ U is greater than σ D . In either case, pollution decreases, the price of the dirty good increases and production in the dirty sector decreases. If σ U > σ D , production and use of inputs in the clean sector increase and the price of L decreases. The prices of capital change in an opposite way in the two sectors. In the dirty sector, production decreases and less capital is demanded, so that the price of capital decreases. In the clean sector, production increases, so that more capital is demanded and the price of the clean capital increases.
These are the expected conclusions from the model, and the ones related to the more realistic parameter values. If σ U < σ D , conclusions are the opposite for what concerns production in the clean sector, use of L and changes in the prices of the production inputs.
A numerical analysis is performed and parameters for several regions and countries are calculated from the GTAP database and reported in Table 5 .
Comparing the values in Table 5 with those used by Fullerton and Heutel [12] , which are based on stylized facts and on the US economy 15 , it is possible to see that they indicate a very similar production structure. As in Fullerton Heutel [12] , the values of the λ's
show that the clean sector is bigger than the dirty one and that the clean inputs constitute the biggest share. The share of labor is the biggest in the dirty sector. For most countries capital is the second biggest input in the production of the dirty good. However, for some countries θ DZ is smaller than θ DK , showing that the dirty inputs can be a very small share in production even in the dirty industry. Despite differing from the general values used by Fullerton and Heutel [12] , this is still plausible as the countries with these characteristics are mostly developing countries and transition economies such as the former Soviet Union area, in which energy inputs constitute a bigger share in the production of energy-intensive products.
For what regards the elasticities of substitution, it is not possible to obtain them from the GTAP database, thus it is necessary to make assumptions on them. Following Fuller-ton and Metcalf [13] , a unity substitution elasticity in consumption between the clean and dirty good (σ U = 1) is assumed. The elasticity of substitution between inputs in the clean industry is set to .7 instead (σ C = .7), as in Pessoa et al. [26] 16 . In the calculations the value of the tax increase is 10%, as in Fullerton and Heutel [12] . This is an arbitrary value used to study the different conclusions the two models reach. Table 5 illustrates results for the numerical analysis of the model with perfect capital malleability. Results reflect the predictions of the theoretical model for the case in which
As expected, production of the clean good increases, while that of the dirty good decreases. There is also an adjustment in the use of production factors in both industries. In fact, capital investments decrease in the dirty industry and move towards the clean industry. As production of the clean good grows, labor invested to produce it also increases, while decreasing in the dirty industry. Pollution Z also decreases as a consequence of the environmental tax imposed. These results apply to all countries and regions considered.
Results on the prices of the production factors instead vary between regions, as they depend on the relative factor intensities. In some regions the price of capital increases while the price of the other production factor decreases. Whereas in other regions the opposite situation is verified. This is because prices change according to the initial intensity of use of the input resources. In countries in which production is more capital intensive,
as capital becomes more demanded it also becomes more expensive. Thus, the price of capital r grows. On the other hand, where production is less Results on the reduction in pollution are similar to those obtained by Fullerton and Heutel [12] . They find that a 10% increase in the tax yields to approximately a 6% increase in pollution. In the calculations in table 5, pollution changes range from -7.5 in Russia to -5.1 in Switzerland.
Welfare changes once again depend onẐ, so that they will be higher the greater the change in pollution. Thus, welfare improves more in the case of perfect malleability of capital. Table 7 shows that results in the case of imperfect capital malleability follow the same pattern in all countries. As in the previous case, more of the production factor L is used in the clean industry, and less in the dirty industry, production increases in the clean industry and decreases in the dirty industry, pollution decreases and the price of the dirty good increases. Unlike the previous case however, the price of L always decreases. This is because L becomes relatively less scarce compared with the other production factors, and therefore it loses value. In the clean industry the price of capital increases. This is because, as production increases, more capital is demanded. The opposite happens in the dirty industry, where, as production decreases, capital becomes less demanded and thus less expensive. Welfare is also negatively affected by the carbon tax, even though less than in the case of perfect capital malleability.
By comparing the results, it is possible to see that the carbon tax has a higher effect in the case of perfect capital malleability. In fact, in this case there is a more effective re-adjustment of production patterns and a higher reduction of pollution. Welfare is also more affected in the case of capital malleability, as it is more expensive to offset the costs of the tax and of a higher pollution reduction. Although results are now dependent on relative factor intensities, the overall conclusions of the model are the same as the ones with a single production factor K. 
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